Introduction
Among proton conducting materials, the acceptor-doped rare-earth ortho-niobates represent a good compromise between transport properties and material chemical stability. As shown by Haugsrud et al. [1, 2] in this class of material protonic, ionic and electronic conduction may coexist, depending on the ambient conditions. In particular below 800 ºC in wet atmospheres protons are clearly the predominant carriers in polycrystalline. Despite the modest conductivity values reported for lanthanum niobates, this essentially pure proton conductor can be used as electrolyte in proton conducting fuel cell (PCDC) devices upon reducing its thickness down to micrometer scale (thus reducing the diffusion length for proton transport) [3, 4] . One of the most promising candidates within this family is La 1-x Ca x NbO 4- with a proton conductivity of 10 -3 Scm -1 at 800 ºC in wet atmosphere (x=0.005-0.01) [1] . Polycrystalline films of about 2 m thickness of 0.5% Ca-substituted LaNbO 4 compound have been deposited by PLD with ASR values of 0.4 Ω·cm 2 at 600 °C comparable to expected bulk values [5] . Several studies have been recently performed in order to increase the transport properties by other doping strategies [6, 7] . On the other hand grain boundary resistivity of this kind of compounds has been reported to be higher than grain interior resistivity [8] and thus an important parameter to be taken into account. Structural studies performed on bulk LaNbO 4 ortho-niobate materials indicate that they can exist in two polymorphs [9, 10] : i) the low-temperature fergusonite phase crystallized in the monoclinic-crystal system (space group I2/c); and ii) a high-temperature tetragonal phase, isostructural with the tetragonal scheelite structure (space group I4 1 /a). The phase transformation in LaNbO 4 bulk material occurs at a temperature in the range of 490 ºC to 525 ºC. A recent report [11] shows that the growth of grain-boundary-free yttrium-doped barium zirconate films resulted in the achievement of the largest proton To analyze the transport properties of LCNO material it is necessary to understand the defect equilibrium under different atmosphere conditions. Defect equilibrium reactions are summarized in Table 1 [1, 6] . In undoped LaNbO 4 material the generation of oxygen vacancies is mainly due to the oxygen exchange with atmosphere, as it is depicted in the equilibrium Equation (1) while intrinsic electron-hole pair formation by thermal excitation over the band gap follows Equation (2) . As it has been previously studied the oxygen vacancy concentration might be increased by partial substitution of La +3 for divalent dopants [12] . Equation (3) describes the compensation of the introduced negative defects ( )) through the formation of oxygen vacancies ( ). It has also to be considered that protons are incorporated in the oxide structure through oxide hydration following Equation (4) which implies the water dissociation into or which accommodates in an oxygen vacancy and lattice respectively. The electroneutrality condition can be written as in equation (5) by assuming the charge compensation of doping defects for oxygen vacancies and protons, as well as for electronic carriers, where brackets denote concentrations. 
Electronic conduction (p-and n-type) and ionic (oxygen and protonic) transport contribute to the total conductivity of the material and the final contribution of each partial conductivity will depend on their corresponding carrier concentration and mobility.
In atm [1, 7] . At lower pO 2 electronic carrier concentration is substantially reduced compared to oxygen vacancy concentration and ionic conductivity may prevail.
Therefore total conductivity is independent of the pO 2 and equals to 1/2 of the introduced negative defects ( ). 
Experimental

Results and discussion
In order to find the optimum conditions for pulsed laser deposition of LCNO thin films on NdGaO 3 (110)-oriented single crystal substrates, some preliminary experiments were carried out varying oxygen partial pressure, laser fluence, substrate temperature and number of laser pulses. .666 and c=5.261 Å, =94.15º at 21ºC [9] ) and point out that the LCNO film is already completely relaxed after the 27 nm film thickness. These values are consistent with reported expansion coefficients 15·10 -6 ºC -1 and 8.6·10 -6 ºC -1 for bulk monoclinic and tetragonal structures, respectively [13] . This suggests a phase transformation from monoclinic to tetragonal structure near 250 ºC. This temperature is much lower than the one found for bulk LCNO material (500 ºC).
Variations in phase transition temperature in epitaxial films have been frequently observed in a wide variety of perovskite-related oxides [14] and are generally associated to subtle film structure variations and domain formation induced by the substrate matching. In this particular case this reduction is very likely related to the as-deposited structure of LCNO film crystal domains, which probably present reduced monoclinic distortion than bulk material. Certainly film growth at deposition temperatures, well above phase transition temperature, will stabilise tetragonal structure. However, during the cooling down process, it is very likely that LCNO matching with the rectangular plane of (110) NGO substrate will provide enough energy for hindering, to a certain extent, the monoclinic in-plane shear strain increases ( angle increase), along with the a and c axis difference, corresponding to LCNO transformation to equilibrium monoclinic structure. Still, shear strain may be partially released, within the explored film thickness range, showing a tendency towards the formation of incipient monoclinic domains at room temperature (as it has been observed by TEM, but not by XRD), but it is sufficient to drop down the phase transition temperature (at least for the measured thickness of 80 nm). might be expected for epitaxial films due to the low density of grain boundaries, which may have a substantial blocking effect in bulk material, as well as favorable transport properties along a particular crystallographic orientation in case of anisotropic materials. Specifically, grain boundaries in Sr doped LaNbO 4 present up to 4 orders of magnitude higher resistivity than grain interior in wet atmospheres [8] . However, the total conductivity showed in these films is still orders of magnitude higher than that observed in bulk samples and it is not plausible that only grain boundary effects are responsible for this huge increase in conductivity.
Interface strain effects can favor both electronic or ionic conductivity, as it has been proved previously in other epitaxial thin films of mixed ionic-electronic and protonic conducting oxides [11,12,15,] . Alternatively, this huge increase of the total conductivity might be attributed to the appearance of a highly conducting secondary phase.
Although, the combination of both XRD or TEM analysis rules out the presence of a major secondary phase, the main reason for the increase in the conductivity as well as its nature, either electronic or ionic, remains unclear. The conductivity results shown in Fig. 6 suggest that there is no substantial hydration effect (conductivity in dry and wet atmospheres are almost equal) irrespective of the LCNO film thickness, which indicates the absence of measurable protonic transport in oxidizing environments. Moreover, the high conductivity values are probably related to the fast electronic transport, which also prevails in wet atmospheres. Fig. 7 presents the conductivity at 700 °C and 400 °C as a function of the pO 2 (log-log scale) for the 80 nm thick film. For both temperatures there is a linear dependency with pO 2 with positive slopes slightly below +1/4. Power dependence with positive exponent close to ¼ in oxidizing conditions is characteristic of a regime with predominant p-type electronic conductivity (as it was discussed previously in the introduction). This fact agrees with the predominant p-type electronic conductivity observed in oxidizing conditions for the polycrystalline bulk material [1] due to the higher mobility of electronic carriers than that of ionic species despite the low electronic carriers concentration. On the other hand, from the conductivity measurements (Fig. 6 ), a change in the activation energy E a can be observed. This change in the activation energy occurs at 350-450 ºC, a temperature a bit higher than that observed for the monoclinic to tetragonal phase transformation found at 250 ºC for the 80 nm epitaxial film, but lower than that observed for phase transition in bulk samples. E a in the high temperature range (500-800 ºC) reaches values of 0.6 eV (0.8 eV for the 80 nm film) while at lower temperatures (300-400 ºC) E a is around 0.75 eV. The transition temperature, between 350 and 500 ºC, where the conductivity changes the activation energy, has been reported to be a consequence of the mobility changes when monoclinic shear distortion  angle increases through the second order phase transition [1] . It can be appreciated that although conductivity of the 27 and 44 nm films are similar, the thickest shows lower conductivity. This higher conductivity in the thinnest films suggests again the possibility of an additional interface contribution, not confirmed yet, since the contribution of this interfacial conductivity will increase with decreasing thicknesses. In order to avoid possible errors produced by any interface contributions further conductivity measurements were carried out on the 80 nm thick sample. reported for bulk material. As it was mentioned before it can also be appreciated an important increase in conductivity of the films compared to the reported values for polycrystalline bulk material in similar wet reducing atmospheres [2] . A similar increase in conductivity in epitaxial thin films, of around 2 orders of magnitude with respect the bulk material, has been also reported for the protonic conductor yttriumdoped barium zirconate (BZY) [11] and has been ascribed to the minimization of lessconductive grain boundary regions in the high quality growth epitaxial thin films.
Despite this huge increase in conductivity, LCNO epitaxial thin films conductivity in wet hydrogen is still significantly lower that reported values for BZY epitaxial films growth on MgO [11] (at 650 ºC LCNO presents 0.13 S/cm and BZY around 0.5 S/cm and at 450 ºC LCNO presents 0.0048 S/cm and BZY around 0.06 S/cm). This fact might indicate that microstructural differences between the epitaxial LCNO films and bulk material may considerably affect the protonic diffusion mechanism. The present research study consists of a preliminary step towards a more complete comprehension of the relationship between microstructure and protonic transport properties of LCNO material in the form of epitaxial films.
Summary and Conclusions
Experimental known that these GB block part of the ionic conductivity of oxygen and particularly in proton conductors [11] . On the other side the higher conductivity for the thinnest film in all different atmosphere conditions suggests an additional interface contribution (which
has not yet been confirmed). In reducing atmospheres there exists a 2 orders of magnitude increase in protonic conductivity, similar to that observed in BZY epitaxial films with respect to the bulk material [11] and ascribed to both the low density of conductivity limiting GB and some other chemical and/or structural change that influences protonic transport in the epitaxial films. Some basic questions remain still unclear, as for example the predominance of the p-electronic conductivity (not only under O 2 atmosphere, but even under more reducing conditions up to 10 -4 atm) with respect to the predominant protonic one expected in wet Ar. Some further HRTEM investigations on the LCNO-NGOsc interface and of the LCNO low angle grain boundaries will be necessary for a full comprehension of the defect chemistry dominating in these epitaxial LCNO thin films. At the moment the film protonic conductivity was only confirmed under H 2 atmosphere by the isotopic effect.
